A long-standing question in evolutionary biology is how sexual reproduction has persisted in eukaryotic lineages. As cyclical parthenogens, monogonont rotifers are a powerful model for examining this question, yet the molecular nature of sexual reproduction in this lineage is currently understudied. To examine genes involved in meiosis, we generated partial genome assemblies for 2 distantly related monogonont species, Brachionus calyciflorus and B. manjavacas. Here we present an inventory of 89 meiotic genes, of which 80 homologs were identified and annotated from these assemblies. Using phylogenetic analysis, we show that several meiotic genes have undergone relatively recent duplication events that appear to be specific to the monogonont lineage. Further, we compare the expression of "meiosis-specific" genes involved in recombination and all annotated copies of the cell cycle regulatory gene CDC20 between obligate parthenogenetic (OP) and cyclical parthenogenetic (CP) strains of B. calyciflorus. We show that "meiosis-specific" genes are expressed in both CP and OP strains, whereas the expression of one of the CDC20 genes is specific to cyclical parthenogenesis. The data presented here provide insights into mechanisms of cyclical parthenogenesis and establish expectations for studies of obligate asexual relatives of monogononts, the bdelloid rotifer lineage.
The prevalence and persistence of sexual reproduction in nature is a paradox that has long been studied in evolutionary biology (Muller 1932; Maynard Smith 1978; Bell 1982; Weismann 1887; Zimmer 2009 ). Yet, decades of research on this contentious topic have failed to provide an allencompassing hypothesis that justifies the maintenance of sex. In addition to being energetically expensive when compared with asexual reproduction (Maynard Smith 1978; Bell 1982) , sex can lead to the disruption of advantageous allelic combinations through genotype shuffling. Despite these apparent costs, sex is pervasive among eukaryotes, suggesting its importance for the long-term success of a lineage (Kondrashov 1993) . However, sex apparently is not universally indispensable, as asexual lineages are present in every major eukaryotic group.
Monogonont rotifers are a powerful system for studying the evolution of sexual reproduction. These aquatic metazoa are cyclical parthenogens: Several generations of asexual reproduction are punctuated with sexually reproducing generations (Gilbert 2003) . For many monogonont species, as populations become dense (>1 rotifer/10 mL), asexual females respond to the accumulation of a chemical signal that induces the production of sexual daughters and haploid eggs via meiosis (Stelzer and Snell 2003; Snell et al. 2006) . Unfertilized haploid eggs develop into males that fertilize sexual females to produce diploid embryos. These sexually produced resting eggs undergo embryonic diapause and withstand harsh environmental conditions, making them critical to the overwinter survival of monogononts (Gilbert 1974) . The plasticity in reproduction and temporal separation of sexual and asexual cycles in monogononts has provided the opportunity for direct testing of theoretical models for the advantages of sex Agrawal 2010, 2012; Stelzer 2011a) .
Furthermore, monogonont rotifers are an important taxon in the resolution of a long-standing "scandal" in evolutionary biology-that of the ancient asexual bdelloid rotifers (Maynard Smith 1986; Mark Welch and Meselson 2000) . Unlike the facultatively sexual monogononts, with whom their last common ancestor was shared ~100 million years ago (Mark Welch and Meselson 2001) , bdelloids appear to reproduce exclusively through apomictic parthenogenesis (asexual reproduction involving no meiotic cell division or reduction in ploidy in the unfertilized egg) (Hsu 1956) . Despite this apparent loss of sex, the bdelloid lineage has thrived and persisted for tens of millions of years while diversifying into hundreds of identified species (Mark Welch and Meselson 2000; Fontaneto et al. 2007; Fontaneto et al. 2009 ). Because such examples of ancient asexual lineages are extremely rare (Judson and Normark 1996; Schurko et al. 2008) , how bdelloids have succeeded without sex and the genomic consequences of this long-term asexuality are of great interest (Gladyshev et al. 2008; Mark Welch et al. 2008; Gladyshev and Arkhipova 2010) .
Determining the molecular requirements for sexual reproduction in monogononts will be necessary to draw informed conclusions about the genetic consequences of long-term asexual reproduction in bdelloids. However, this is limited by the paucity of molecular data available for rotifer lineages (Suga et al. 2007; Denekamp et al. 2009; Clark et al. 2012) . In this study, we focus on meiosis, the process specific to all sexual eukaryotes in which ploidy is reduced for gamete production by two cellular divisions following a single replication of DNA. Although meiosis has been well studied in model systems (e.g., budding yeast, nematodes, and mammals) (Gerton and Hawley 2005) , little is known about meiosis in rotifers. In this study, we generated genomic sequence data for two monogonont species, Brachionus calyciflorus and B. manjavacas, in order to examine the evolution of a suite of genes with well-characterized roles in meiosis in model systems. Of the 89 meiotic genes currently contained in our inventory (Figure 1 ), we verified the presence of 80 homologs in monogononts, several of which have undergone recent duplications within the monogonont lineage. In addition, we examined the expression of genes specific to meiosis in model systems and for individual duplicate copies of CDC20 to assess the specificity of these genes to sexual or asexual reproduction in monogononts. These data provide important insights into the molecular mechanisms underlying cyclical parthenogenesis in monogononts, and offer further implications for the convergent evolution of this reproductive mode.
Materials and Methods

Monogonont Genome Sequence Generation and Annotation
Genomic DNA was isolated from cultures of B. calyciflorus and B. manjavacas 24-48 hours after hydration of resting eggs. Brachionus calyciflorus strain FL was purchased from Florida Aqua Farms (http://florida-aqua-farms.com) in 2010 (cox1 GenBank accession JX239161, complete mitochondrial sequence JX46350). Brachionus manjavacas strain RUS was provided by Terry Snell (cox1 GenBank accession HM024709). Genomic DNA samples were prepared from 100 µg of rotifers for sequencing using Nextera DNA Sample Prep Kit (Stelzer 2011b) , whereas the estimate of 271 MB for B. manjavacas was smaller than the 350 MB estimated by hybridization studies (Mark Welch and Meselson 1998) . The assemblies and unplaced reads were used to generate databases (Camacho et al. 2009) . Amino acid sequences representing meiotic gene homologs (Tables 1, 2 , and 3) obtained from the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov) were used as queries against the genome databases using tblastn. Genome sequences that had significant sequence similarity (E value < 0.1) to the queries were manually annotated in Sequencher (v.5.0; http://www.genecodes.com) to produce putative coding sequences, which were used as queries against B. plicatilis expressed sequence tag (EST) libraries available at NCBI to identify meiotic transcripts.
PCR-stitching of Monogonont Genes
In the genome assemblies, many genes were represented by partial, non-overlapping sequences. To complete partial gene sequences, primers were designed (Supplementary Table  S1A ) to amplify the intervening sequence by PCR. For REC8 and HOP1 in B. calyciflorus, which were not identified in the genome assembly, specific primers were designed from gene expression sequence data (Supplementary Tables S1A and  S1B , data not shown). PCR was performed with 1-minute annealing time (with temperatures ranging from 45-55 ºC) and 3-minute elongation time. Reaction reagents included one unit Promega Taq DNA polymerase, 0.1 unit Pfu DNA polymerase, dNTPs (250 µM each), 1 µM primers, 90 µM MgCl 2 , and 20 ng genomic DNA or a 1:25 dilution of cDNA (synthesized as described below). PCR products were excised from a 2% low-melting agarose gel (1% NuSieve GTG:1% low-melting agarose [Fisher, Pittsburgh, PA] ) and cloned directly into the StrataClone pSC-A vector (Agilent Technologies, Clara, CA). Clones were screened with T3 and T7 primers (1-minute annealing at 57 ºC, 3-minute elongation at 72 ºC). Clones were sequenced (ABI BigDye 3.1 and ABI 3730; Applied Biosystems, Carlsbad, CA) using M13 forward/reverse primers. All sequences were deposited in GenBank, accession numbers JX156075-JX156299, as listed in Tables 1, 2 , and 3.
Phylogenetic Analysis
For each gene in our analyses, corresponding amino acid sequences of metazoan and fungal homologs were obtained from NCBI and Joint Genome Institute (http://genome.jgi.doe.gov/) databases and aligned with mono gonont sequences by ClustalX (Larkin et al. 2007 ). Alignments were manually curated in MacClade (http://macclade.org/index.html), and phylogenetic analyses were performed using the Bioportal parallel computational resource (Kumar et al. 2009 ). Bayesian analysis was done using MrBayes (Ronquist et al. 2012 ) with WAG + I + 8G substitution model and was run for 1 million generations, with sampling every 1,000 generations. Burnin values were determined based on likeli hood scores for each sampled generation, and consensus trees were generated from the analyses subsequent to that point. Maximum likelihood analysis was performed using PhyML (Guindon and Gascuel 2003) with WAG + I + G substitution model, best tree topology search, and 1,000 bootstrap replicates.
Gene Expression Analysis
Cyclical parthenogenetic (CP) and obligate parthenogenetic (OP) strains of B. calyciflorus (Stelzer et al. 2010) were cultured in COMBO medium (Kilham et al. 1998) with Chlamydomonas reinhardtii as a food source. Total RNA was isolated from high-density cultures (~25-40 rotifers/mL) of OP (asexual females and eggs) and CP (asexual females, sexual females, males, ameiotic and meiotic eggs) B. calyciflorus using Trizol reagent (Invitrogen) according to manufacturer's instructions. Any observed gene expression differences between the OP and CP strains may, therefore, be due to the presence of sexual females, males, and/or resting eggs in the population. RNA samples (2 µg) were treated with DNase I before first strand cDNA synthesis was performed using Superscript II reverse transcriptase (Invitrogen) and poly(T) primers. cDNA samples were treated with RNase H and diluted 1:25 for use in PCR. Specific primers were designed for SPO11, RAD51, RAD21, MSH5, HOP2, MND1, all copies of CDC20, and ACTIN (Supplementary Table  S1A ). PCR was performed with 30-second annealing and elongation times, with annealing temperature varying with primer sets (45-55 ºC), and reagents the same as described above. Fragments were amplified for 30 or 40 cycles and visualized on a 1% agarose gel with ethidium bromide stain. Successful amplification of each gene was confirmed through cloning and sequencing of the PCR products as described above. Following differentiation of gametes from germline stem cells (I), the entry into meiosis (II) begins with a pre-meiotic replication of chromosomes (III). Homologous chromosomes synapse and recombine (IV) during prophase of the first meiotic division before segregating in anaphase I (V). Sister chromatids segregate during the second meiotic division (VI) and gamete development completes (VII). All genes involved in these meiotic events that are currently contained in our inventory are indicated. For paralogs, gene family name is given. Abbreviations: CO = crossover; NCO = noncrossover; SDSA = synthesis-dependent strand annealing.
Results and Discussion
Meiotic Gene Inventory
We compiled a list of 89 genes that are known to have roles in meiosis in model organisms (Tables 1, 2 , and 3, Figure 1 .) We identified and annotated 80 of these genes in the draft genome assemblies for B. calyciflorus and B. manjavacas and used phylogenetic analyses to confirm the gene identities and examine their evolution.
Meiosis Entry, DNA Replication, and Chromosome Structure
In many multicellular eukaryotes, PIWI proteins, known for their interaction with small RNA molecules (piRNAs), are required for successful germline differentiation and meiotic prophase I progression (Bak et al. 2011 ) and in heterochromatin formation during meiosis (Thomson and Lin 2009) .
Cohesin and condensin complexes (required for sister chromatid cohesion and chromosome condensation, respectively) are loaded onto chromosomes during pre-meiotic S-phase (i.e., replication) in an undifferentiated germline cell (Gotter 2006; Nasmyth and Haering 2009; Wood et al. 2010) . The cohesin complex is comprised of SMC1, SMC3, Stromal Antigen (SA; homolog of SCC3), and Rad21 (in meiotic cells, Rad21 is replaced with Rec8 in a subset of cohesin complexes) and is loaded in part by SCC2, SCC4, and TIMEOUT (TIM) (Gotter 2006; Nasmyth and Haering 2009; Skibbens 2009 ). Pds5 colocalizes with the cohesin complex and is also required for successful pairing of homologs (Jin et al. 2009 ). SMC2 and SMC4 are the core components of the condensin I and II complexes (Hirano 2005) . Although a meiotic function of the SMC5-SMC6 complex is not well characterized, it is required for proper segregation of chromosomes and resolution of meiotic recombination (Farmer et al. 2011) . 
***Nucleotide sequence length <200 bp; see Supplementary Table 1. Replication of chromosomes is mediated by a large number of proteins, including the minichromosome maintenance (MCM) family of helicases (Forsburg 2004 ) and the RecQ family of helicases, the latter also having a role in resolution of recombination intermediates (see Table 2 ) (Cobb and Bjergbaek 2006; Holloway et al. 2010) . Following the initiation of meiosis, homologous chromosomes pair (synapse) and are held together by the synaptonemal complex (SC) prior to meiotic recombination (Page and Hawley 2004) . Among the SC components, only Hop1 is readily identifiable among diverse eukaryotes. We searched the monogonont genomes for homologs of 24 genes involved in meiosis entry, DNA replication, and chromosome structure. All 24 genes examined were identified in both monogonont species (Table 1) Table 1 ). Among other cyclical parthenogens, REC8 has been lost in Acyrthosiphon pisum and duplicated in Daphnia pulex, where it has been implicated in the contagious loss of sexual reproduction in some lineages (Lynch et al. 2008; Eads et al. 2012 ). However, a single copy of REC8 and its paralog RAD21 (which functions in both mitosis and meiosis) were detected in both Brachionus species.
Multiple gene copies of PIWI (from five to six copies) and its paralogs, the argonaute (AGO) family of proteins (two to four copies) (Seto et al. 2007) , were identified in both B. manjavacas and B. calyciflorus (Table 1) . There is inherent uncertainty in the gene copy number identified in the partial genome assemblies as additional gene copies may be present that were undetectable when contained on unassembled portions of the genome. Therefore, any estimates of gene copy number may underestimate the true amount of gene duplication that has occurred for each locus. 
n.i. = not identified in genome assembly. 
n.i. = not identified in genome assembly.
AGO C, found only in B. calyciflorus, has a very long branch in the AGO/PIWI phylogeny (Supplementary Figure S1E) , which may indicate fast evolution of the amino acid sequence, or pseudogenization. Notably, the PIWI gene family in other CP species (i.e., Daphnia and Acyrthosiphon) has also undergone extensive copy number expansion, unequalled in any other metazoan lineage (Table 1 ). The roles of these duplications have not yet been characterized, but could play a role in germline differentiation in these species.
Several genes involved in DNA replication or chromosome structure and homolog interaction were present in multiple copies in the monogonont genomes. SMC3, SMC6, and TIM each have two copies in B. calyciflorus, and these duplications are each specific to the monogonont lineage (Supplementary Figure S1B , S1C, and Figure S1D ). MCM7 is a component of a hexameric DNA helicase that also includes five other MCM proteins (Forsburg 2004) . Although duplications of genes (MCM3 and MCM6) for other components of this complex have occurred in other metazoan lineages, their functional significance is unknown. The functional implications of the duplications in TIM, SMC3, and SMC6 are unknown. However, subfunctionalization of a SMC cohesin subunit following duplication has been described in vertebrates where SMC1 paralog SMC1β has a meiosisspecific function (Revenkova et al. 2004 ). SMC3, another member of the cohesin complex, has also been duplicated in other CP species (Table 1) , which makes it an intriguing candidate for future studies of the mechanisms of this reproductive mode.
Meiotic Recombination
A nearly universal and indispensible (with few exceptions) feature of meiosis is the induction and repair of DNA double-strand breaks (DSBs) between homologous chromosomes. This process requires a large set of proteins, several of which function specifically in meiotic DSB induction and repair, including Spo11, Dmc1, Hop2, Mnd1, Msh4, and Msh5 . Meiotic recombination is initiated by the creation of DSBs that is catalyzed by the transesterase activity of Spo11 (Keeney et al. 1997) . The ends of the breaks are resected by Mre11, Rad50, and Nbs1 (MRN complex), which have 3′-5′ exonuclease activity, leaving single-stranded overhangs (Kanaar and Wyman 2008) . The RecA homologs, Rad51 and Dmc1, form a filament around the single-stranded DNA molecule with the aid of accessory proteins, including Rad52 and Rad54 (Mazin et al. 2010 ). Hop2 and Mnd1 mediate the invasion of these single-stranded filaments into the homologous chromosome, forming a displacement loop (D-loop) (Pezza et al. 2007 ). Extension of the D-loop via DNA synthesis (requiring the activity of the Mer3 helicase) can engage the other end of the DSB, forming a mature double Holliday Junction (dHJ). Resolution of a dHJ may occur as either a crossover or a noncrossover (Youds and Boulton 2011), a decision mediated in part by the RecQ homolog, RecQ2 (Holloway et al. 2010 ). Resolution of the dHJ occurs through the activity of a heterodimer of MutL homologs, Mlh1/Mlh3 (Polosina and Cupples 2010) , and a heterodimer of MutS homologs, Msh4/ Msh5. A duplex of XPF nucleases, Mus81/Eme1, also has a minor role in dHJ resolution (Ciccia et al. 2008 ).
In the B. calyciflorus and B. manjavacas genome assemblies, we identified homologs for 26 out of 33 proteins with homologs, DMC1 (meiosis-specific RecA homolog) and XRCC3 were not identified, although RAD51, RAD51B, RAD51C, RAD51D, and XRCC2 were present ( Figure 3A ). Although our inability to detect DMC1 in monogononts may be due to the incompleteness of the genome assemblies, attempts to amplify the sequence using degenerate PCR have also been unsuccessful (data not shown), suggesting that DMC1 may truly be absent in monogononts. The loss of DMC1 in monogononts is of particular interest as it has been found to be lost sporadically in several eukaryotic lineages, including A. pisum and D. pulex (Malik et al. 2008; Schurko et al. 2010) .
Other genes that were not detected (and thus, potential gene losses) include RAD52, RAD54B, PMS1, MSH3, and RECQ3. Although these apparent gene losses may also be attributed to incomplete genome sequencing, these genes are also absent in several other animal lineages, including other cyclical parthenogens (Malik et al. 2008; Srinivasan et al. 2010 ). This suggests that these genes are dispensable for meiosis in monogononts and other metazoa.
Within the RECQ gene family, we identified monogonont-specific duplication for RECQ2 (Supplementary Figure  S2C) . RecQ2, also known as Bloom's Syndrome Helicase (BLM), is required for pairing, synapsis, and segregation of homologous chromosomes in mammals and has also been implicated in the resolution of dHJs as non-crossovers. RecQ2 duplications are also found in the CP species A. pisum and D. pulex, making this gene another intriguing candidate for future studies of mechanisms of cyclical parthenogenesis.
Meiotic Progression
Regulation of progression through both mitosis and meiosis is primarily determined by the activity of Cyclins, Cyclindependent kinases (CDKs), and the anaphase-promoting complex (APC) (Marston and Amon 2004; Peters 2006) . CDKs are only active when in a complex with a Cyclin, and the CyclinB/CDK1 complex in particular has critical functions during meiosis and mitosis (Marston and Amon 2004) . Modulators of CDK1 activity include the kinase WEE1, the phosphatase cell division cycle 25 (CDC25), and Cyclindependent kinase subunit (CKS) (Kishimoto 2003; Spruck et al. 2003; Solc et al. 2010) . The APC (comprised of 12 protein subunits in metazoa) acts as a ubiquitin ligase targeting cell cycle proteins for degradation-including proteins with roles in chromosome segregation in both meiosis I and meiosis II-in order to facilitate progression through mitosis or meiosis (Peters 2006) , and its activity is mediated by CDC20 (Pesin and Orr-Weaver 2008) . Following entry and progression of meiosis, the separation of homologs in anaphase I is dependent on the activity of polo-like kinases (PLKs), and Aurora kinase (AUR), which phosphorylate cohesin components. This targets cohesin for degradation and allows for homologous chromosomes to segregate to opposite poles.
Our inventory of the B. calyciflorus and B. manjavacas genomes revealed several potential gene duplications for genes involved in cell cycle regulation. Single copies were identified for Cyclin A and all CDK genes examined, but Cyclins B, D, and E were each found in two or four copies (Table 3) . Although many other animal lineages contain multiple Cyclin gene copies, our phylogenies show that the B. calyciflorus and B. manjavacas duplications are each specific to the monogonont lineage (Supplementary Figure S3B) . CDC25, WEE1, and CKS are all found in multiple copies in monogonont genomes (Table 3 , Supplementary Figure  S3A ). For CDC25, there were five and six copies in B. manjavacas and B. calyciflorus, respectively. These duplications were independent of the STRING/TWINE duplication in Drosophila (Alphey et al. 1992; Courtot et al. 1992 ) and the three copies in the cyclical parthenogens A. pisum and D. pulex (Supplementary Figure S3A) . Two copies of WEE1 were found in B. manjavacas, whereas only one copy was found in B. calyciflorus (Table 3 , Supplementary Figure S3A) .
Three copies of CKS were identified in each monogonont genome (Table 3 , Supplementary Figure S3A) . CKS duplication has also occurred in vertebrates, but phylogenetic analysis indicates that this occurred independently of the duplication in monogononts. Our analysis suggests that CKS B and CKS C in monogononts arose from a single duplication event, but the origin of CKS A is not as clear. The position of CKS A within the tree is separate from the other monogonont sequences, which may be due to a lack of resolution resulting from the short sequence length of CKS (~80 amino acids).
Genes for 11 of 12 APC subunits were identified; only APC12 (CDC26) was not detected in either monogonont genome (Table 3) . Two copies of APC1 were identified in the genome of B. calyciflorus, with only one copy identified in B. manjavacas. In addition, four copies of the APC activator CDC20 were identified in both B. calyciflorus and B. manjavacas (Table 3) . Many metazoans possess two CDC20 paralogs, Fizzy (Fz) and Fizzy-related (Fzr) , that primarily function in mitosis and meiosis, respectively (Pesin and Orr-Weaver 2008) . The arthropod-specific CDC20 duplication, CORTEX, has a meiosis-specific function (Swan and Schüpbach 2007) , but was excluded from the alignment due to its rapid sequence evolution. Bayesian analysis grouped monogonont CDC20 copies A (found only in B. calyciflorus), B, and C within the Fz clade, whereas copies D and E group within the Fzr clade. CDC20 A has a very long branch, suggesting that its sequence is rapidly evolving (Figure 4 and Supplementary Figure S3A) .
Of the three PLK homologs, we did not detect PLK2/3 in either monogonont genome (Table 3 ). This gene(s) is absent in several protostome lineages and is likely to be truly absent in the monogonont lineage. Three copies of AUR were identified in each Brachionus spp. (Table 3) , and the phylogeny suggests the duplications have occurred within the monogonont lineage (Table 3 , Supplementary Figure S3C ).
Meiotic Gene Expression
We examined the expression of the genes in our inventory in Brachionus by 1) searching EST libraries for the monogonont B. plicatilis available in the NCBI database and 2) by performing reverse transcriptase PCR (RT-PCR) on cDNA templates generated from OP and CP cultures of B. calyciflorus for a subset of the genes in our inventory.
Brachionus plicatilis ESTs
Several EST libraries have been constructed for B. plicatilis (a monogonont species very closely related to B. manjavacas (Gómez et al. 2002) , including libraries enriched for genes involved in dormancy (Denekamp et al. 2009 ) and stress responses (Oo et al. 2010) . We examined these libraries for all genes in our inventory to determine if the genes identified in our genome assemblies were also expressed in B. plicatilis.
Of the 80 genes that we identified in our genome assemblies, we identified B. plicatilis ESTs for 58 genes. For the nine genes not found in either B. calyciflorus or B. manjavacas (DMC1, XRCC3, RAD52, RAD54B, PMS1, MSH3, RECQ3, PLK2/3, and APC12), ESTs in B. plicatilis were also not identified. Among the genes present in the B. calyciflorus and B. manjavacas genome assemblies, B. plicatilis ESTs were not found for 22 of these genes (Tables 1, 2, and 3,  Supplementary Tables S1C, S1D , and S1E). The lack of ESTs for these sequences likely reflects the absence of these transcripts at the time of RNA isolation due to tight temporal or spatial regulation of these genes (e.g., restriction to gametes during meiosis).
RT-PCR
We also examined the specificity of gene expression to sexual reproduction in B. calyciflorus for eight annotated meiotic genes. We selected "meiosis-specific" genes that are only known to function during meiosis in model systems (SPO11, HOP2, MND1, and MSH5) as well as paralogs of meiosisspecific genes that function in both meiosis and mitosis (RAD21 and RAD51). In addition, all CDC20 copies identified in B. calyciflorus were examined because CDC20 paralogs have been shown to have functions specifically in meiosis or mitosis in other systems (Pesin and Orr-Weaver 2008) , making the CDC20 duplications in monogononts strong candidates for separation of functions in sexual and asexual processes.
We examined gene expression in B. calyciflorus by comparing transcripts produced by two strains derived from the same CP lineage-a CP strain (i.e., the "sexual" strain) and an OP strain (i.e., the "asexual" strain) for which the loss of sex is mediated by a single locus (Stelzer et al. 2010) . RNA was isolated from total CP and OP cultures at high density (in which mixis was induced in the CP strain). RNA isolations were used for cDNA synthesis, and RT-PCR was performed to establish the expression patterns of meiotic genes.
Expression of RAD51 and RAD21 was detectable in both OP and CP cDNA samples ( Figure 5A) , consistent with the function of both genes in mitosis and meiosis. Intriguingly, expression of SPO11, HOP2, MND1, and MSH5 was detected in both OP and CP strains ( Figure 5A ). When possible, primers were designed flanking intron sequences, and no evidence of incorrect or alternative splicing was found, supporting the production of functional transcripts in both OP and CP strains. This may indicate that the genes are expressed outside of the germline and, therefore, may have roles in mitotic recombination or other somatic functions. Alternatively, the production of eggs under parthenogenetic conditions might require the use of these genes in a pseudomeiotic program, as that observed in the cyclical parthenogen D. pulex (Hiruta et al. 2010) , where ovaries from both asexual and sexual females express these genes ).
Examination of expression levels for each copy of CDC20 in B. calyciflorus in OP and CP strains revealed differential expression of CDC20 A ( Figure 5B) . CDC20 A appears to only be expressed in CP strains, with very little expression detected in OP strains. In contrast, CDC20 B, CDC20 C, and CDC20 D appear to have comparable levels of expression in all samples. The specificity of CDC20 A expression in CP strains may be due to a role in haploid egg production. Alternatively, CP cultures also contain males and resting eggs; therefore, a role for CDC20 A in spermatogenesis or in dormancy may also explain the different expression patterns. More detailed gene expression analysis will be required to examine these possibilities.
Conclusions
Mechanisms of Cyclical Parthenogenesis
It has been hypothesized that cyclical parthenogenesis confers profound advantages on a species (Kondrashov 1984) , as the energetic advantages of clonal reproduction are punctuated with the genetic advantages of mixis at regular frequency. Despite its advantages, cyclical parthenogenesis in metazoa is limited to trematodes, monogonont rotifers, and some arthropod lineages (Suomalainen et al. 1987) . The paucity of cyclical parthenogens lends credence to the hypothesis that the transition from sexual to asexual reproduction is limited by cytological and genetic constraints on the loss of sexual reproduction in metazoa (e.g., egg activation, centriole inheritance, maintenance of ploidy) as well as any other constraints that would hinder their ability to produce eggs by both meiosis and parthenogenesis (Engelstädter 2008) .
Furthermore, the distant relationships among CP metazoa indicate multiple independent origins for this mode of reproduction. How constraints on this reproductive transition were overcome independently is unknown, as current knowledge of the molecular mechanisms underlying the transition between asexual and sexual egg production in these organisms is extremely limited Hiruta et al. 2010; Srinivasan et al. 2010 ).
Our inventory of meiotic genes in monogonont rotifers, taken together with similar studies in arthropods, provides insights into the convergent evolution of cyclical parthenogenesis. Duplications of several meiotic genes are shared (albeit have arisen separately) among these lineages (RECQ2, SMC3, TIM, PIWI, AGO, CYCB, CYCD, CYCE, CDC20, CDC25, CKS, AUR, and WEE1) . Such genes that have shared duplications across all three CP lineages warrant further investigation into their potential roles in the mechanisms underlying sexual and asexual egg production in these species. Future comparative studies that include rotifer lineages other than monogononts (e.g., the obligate sexual seisonids or acanthocephala) could further support the role for the duplicate genes in cyclical parthenogenesis, as any copies that are absent from obligate sexual species will be further implicated as having a role specifically in cyclical parthenogenesis.
Furthermore, gene expression analyses of duplicated genes in A. pisum revealed that specific copies of duplicated genes are differentially expressed between ovaries of sexual and asexual females. In particular, one of three copies of WEE1 is differentially expressed between sexual and asexual females (Srinivasan et al. 2010) , and several genes involved in cell cycle progression were identified as differentially expressed between sexual and asexual embryos (Gallot et al. 2012) , suggesting that cell cycle regulatory genes may play an important role in asexual versus sexual oogenesis. Likewise, our examination of CDC20 expression suggests that similar subfunctionalization occurred following duplication of cell cycle regulatory genes in monogononts, with specific copies functioning specifically during sexual reproduction.
The observation that genes with meiosis-specific functions in model eukaryotes were expressed in OP strains of B. calyciflorus provides insight into possible mechanisms for cyclical parthenogenesis in this species. A study of asexual egg production in D. pulex revealed a pseudomeiotic program that may require meiosis-specific genes. Specifically, meiosis is initiated during parthenogenetic egg production but arrests during anaphase I. Chromosomes subsequently return to the metaphase plate, where sister chromatids segregate from one another (Hiruta et al. 2010) . Although the resolution of this study could not address the presence of chiasmata during parthenogenetic egg production, the presence of these structures could indicate the necessity of meiotic recombination machinery for asexual reproduction. Furthermore, arrest of the oocytes in anaphase I may require modifications of meiotic progression that explain the role of duplications in cell cycle proteins.
Implications for Bdelloid Rotifers
In an ancient asexual lineage, genes that have an ancestral role specific to meiosis would be subjected to reduced efficacy of selection following the loss of sex, and such genes would not be maintained (Collin and Miglietta 2008; Schurko et al. 2008 ). Any such gene present in monogononts that is absent in the ancient asexual bdelloid rotifers would be consistent with an ancestral role for that gene in meiosis. Reciprocally, little can be inferred from genes that are absent in both monogononts and bdelloids, as they are likely expendable for meiosis in rotifers. However, our meiotic gene inventory of monogonont rotifers revealed few monogonont-specific losses. Furthermore, very few of the genes absent within the inventory function exclusively in meiosis, suggesting that the molecular requirements for meiosis in monogononts are likely very similar to those found in model organisms. An exception to this is the lack of DMC1 in either monogonont genome examined. Although loss of DMC1 has occurred in other organisms that are able to produce gametes through meiosis (e.g., Drosophila), this putative loss may indicate that alterations in meiotic recombination have occurred in monogononts such that strand invasion does not require this RecA homolog. Thus, there is no expectation for this gene to be present in bdelloids.
Furthermore, our examination of the expression of meiosis-specific genes in CP and OP strains of B. calyciflorus suggests that expression is not specific to sexual reproduction in monogononts. Therefore, the mere presence and expression of these genes in bdelloids will not be enough evidence to suggest sexual reproduction. Gene expression outside of meiosis may indicate somatic functions for these genes, or a role for the genes in egg production under parthenogenetic conditions. Alternatively, the expression of these genes may be more nuanced-the genes may have a basal level of expression that is upregulated during meiosis rather than a binary on/off expression pattern. Further examination of gene expression patterns through more quantitative measures is required to examine these possibilities. Importantly, the potential for genes with an ancestral meiosis-specific function to have evolved non-meiotic functions in monogononts is an important consideration for future studies in bdelloids. If these genes are found to be also present in bdelloids, this may be the result of their maintenance for non-meiotic functions rather than for a cryptic sexual or meiotic process. Consideration of evolutionary constraints for novel and/or non-meiotic functions for these genes will be necessary before conclusions can be drawn regarding bdelloid reproduction. Further molecular characterization of gene expression in monogononts, including examination of genes that have unknown functions, may be necessary to find better molecular markers for sexual reproduction in rotifers than those with known functions in meiosis in model systems.
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